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ABSTRACT: The effect of CO2 on the welding kinetics for a PS colloidal crystal was determined by in-
situ measurement of Bragg diffraction and by ex-situ SEM microscopy. The welds grow tangentially from
the points of contact of the spheres in all directions transforming the spheres into a continuous film. The
dissolved CO2 provides the mobility for the polymer chains at the interface needed for welding, which
removes the energetically unfavorable interfacial area between the polymer and CO2. At high pressures
where CO2 is relatively incompressible, the relaxation time for welding increased by 6 orders of magnitude
with an increase in thermal energy, and a glass transition temperature was observed. At constant
temperature, an anomalous increase in the welding rate by 1-2 orders of magnitude with a decrease in
pressure was observed in the region where CO2 is highly compressible. It is likely that this increase in
welding dynamics is influenced by the excess CO2 in the interfacial region.

Introduction

The chemical potential of supercritical fluids including
CO2 is highly tunable with pressure and temperature
and may be used to manipulate physical and chemical
properties.1 This tunability and excellent transport
properties and interfacial properties are beneficial for
processing polymers2,3 and ordered metal nanoparticle
films4 while minimizing dewetting.5 The prevention of
dewetting is favored by greater control over the solvent
chemical potential gradient during evaporation and the
extremely low surface tension of liquid CO2.4 CO2 is a
nonflammable, essentially nontoxic, inexpensive, and
environmentally benign solvent that is already used
commercially in spray coating6 Teflon production, poly-
mer foaming, and dry cleaning to reduce emissions.7 The
low viscosity and surface tension may be exploited to
generate extremely uniform thin films of photoresists
on silicon wafers by spin-coating.8 CO2 is also of interest
in lithographic processing of microelectronic devices
with feature smaller than 100 nm,7,9 drying of photo-
resists,10,11 synthesis3 and cleaning7,12 of low-k dielectric
films, polymer foaming, and membrane separations.13,14

Suspensions of poly(2-ethylhexyl acrylate) in supercriti-
cal CO2 were sprayed to form uniform films.15 The
viscosity reduction of the dispersed phase caused by
dissolved CO2 was required for atomization to produce
fine droplets and for coalescence and leveling on the
surface to form a uniform film.

Most polymers are not soluble in carbon dioxide,
making them ideal candidates as matrices or templates
for materials processing. Because CO2 is a small and
linear molecule, it diffuses into polymers faster than
other swelling agents or plasticizers. The swelling and
thus the mobility of the polymer chains may be fine-
tuned by adjusting the CO2 pressure, for example, in
aqueous polystyrene latexes.16 A local maximum in the
swelling was observed near the critical point due to the
large Gibbs excess adsorption that results from the high
compressibility of CO2. For polymer-CO2 systems, the
reduction in viscosity may be calculated as a function
of the fractional free volumes of the pure polymer and

polymer-supercritical fluid mixtures.17,18 As CO2 is
added to a polymer by raising the pressure, the glass
transition temperature decreases nearly linearly with
the solubility of CO2 in the films19,20 and may be
described with lattice-fluid theory and the Gibbs-
Dimarzio criterion.21 A reduction of the Tg by 70 °C at
100 atm is common. Once plasticized with CO2, poly-
mers become accessible and may be impregnated with
dyes, pharmaceuticals, or organometallic precursors.1,22,23

The diffusion constant of a typical organic molecule may
increase several orders of magnitude.24,25 After the CO2
pressure is released the impregnated agent is trapped
in a rigid glassy matrix. Pai et al.3 have controlled the
swelling of preordered block copolymer template films
to allow the infusion of organic organometallic precur-
sors. The catalyst only diffuses into the continuous
phase block. Silicate is formed only in the continuous
phase, resulting in a porous low dielectric constant
insulator with excellent mechanical properties for use
in microelectronics devices.

Recently, fundamental studies of properties of thin
films exposed to CO2 have been reported. The glass
transition temperature of PS thin films decreases with
film thickness as the contribution from the free surface
containing excess CO2 becomes increasingly impor-
tant.26,27 In systems without CO2, the Tg is known to
change as a function of depth from the free surface to
the substrate based on fluorescent tags.28 Neutron
reflectivity studies of grafted chains on surfaces in CO2
indicate that the volume fraction profiles are more
sensitive to solvent quality than for chains in conven-
tional liquids because of large differences in intermo-
lecular interactions, compressibility, and free volume
between chains and solvent.29

In regions where CO2 is highly compressible, an
anomalous maximum is observed in the adsorption of
CO2 on a hard surface, for example activated carbon.30

This anomalous maximum has also been observed in
the swelling of soft materials, for example 50 nm
polystyrene latexes, as determined with dynamic light
scattering.16 For poly(methyl methacrylate films) (PMMA)
thin films, the anomalous maximum in the swelling,
which is not present in bulk films, was observed with
in-situ ellipsometry.31 The anomalous maximum was* Corresponding author. E-mail: kpj@che.utexas.edu.
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attributed to inhomogeneities in concentration at the
free surface of the polymer31 that may be expected to
result from the large compressibility of CO2.1,32,33 This
anomalous swelling phenomena was also observed with
neutron reflectivity.34,35 Furthermore, plasticization as-
sociated with the density fluctuations was shown to
enhance polymer interdiffusion by 1 order of magnitude.

Herein we investigate the dynamics of welding pho-
tonic (colloidal) crystals of PS microspheres into uniform
thin films by CO2 with scanning electron microscope
imaging (SEM) and in-situ optical measurements. Pho-
tonic crystals are materials that have a periodic refrac-
tive index in 3 dimensions. As theorized in 1987 by
Yablonovitch36 and John,37 there exists a range of
wavelengths in the electromagnetic spectrum that can-
not propagate through these crystal in any direction.
These wavelengths are referred to as a photonic band
gap (PBG). The crystal structure creates the PBG which
diffracts light in an analogous manner to atomic semi-
conductor crystals that diffract electrons.38 A high
refractive index difference is necessary to form a com-
plete PBG; however, crystals with lower refractive index
differences can exhibit a pseudo-band gap that partially
blocks out a range of wavelengths.39,40 The PS crystals
fall in this range because the refractive index difference
between PS (1.59) and the surroundings (air 1.003 or
CO2 1.04-1.22)41 is not large enough to create a
complete PBG. The location of the PBG is dependent
on the refractive index of the materials and the lattice
spacing and can be approximated by Bragg’s law for
diffraction

Here λ is the central wavelength of the PBG and m is
the order of the diffraction (m ) 1, 2, 3, ...). The average
refractive index is given by navg ) n1æ1 + n2æ2, where
æi is the volume fraction of the ith component (for a close
packed lattice structure the occupied volume is 74%).
The angle of incidence, θ, was 0° for these measure-
ments as the incident beam was normal to the 〈111〉
plane. The interplanar spacing, dhkl, changes depending
on the lattice plane and for a cubic lattice is given by

Here a is the lattice spacing and D is the particle
diameter.40 Combining eqs 1 and 2 and setting θ ) 0
gives

For first-order diffraction, the calculated PBG wave-
length was 457 nm for the dominant 〈111〉 plane and
195 nm PS microspheres in air, which will be shown to
agree with experimental results.

The objective of this study was to measure the
dynamics of welding of photonic crystals with CO2. The
colloidal crystal is composed of multilayers of PS mi-
crospheres, allowing for the investigation of thin film
properties in films that are several microns thick. This
study is also the first to look at free-standing polymer
thin film properties in CO2. This is possible since only
the bottom layer of the colloidal crystal is bound to the

substrate. Complementary PBG measurements and
SEM micrographs of the morphology are utilized to
interpret the polymer dynamics in terms of interfacial
driving forces, the glass transition, and polymer viscos-
ity. The fusing of the colloidal crystal into a thin film
causes the PBG to decrease in intensity due to a
decrease in the periodicity of the refractive index. The
polymer relaxation dynamics may be measured indi-
rectly at various temperatures and pressures. This
technique does not require a model, which is often
required in other techniques such as ellipsometry. The
increased mobility of the PS when in contact with CO2
enhances the rate of relaxation of the colloidal crystal
spheres. This relaxation is driven by the interfacial
tension that exists between PS and CO2 as well as
Brownian motion of the PS chains, as has been shown
for welding of dry acrylic latexes at ambient pressure.42

The viscosity of the swollen polymer is estimated as a
function of the CO2 temperature and pressure in three
distinct pressure regions. An unusual decrease in the
relaxation time with a decrease in CO2 pressure is
observed in the highly compressible region. Given the
developing photonic applications of colloidal crystals,43,44

the ability to stabilize the crystals with small amounts
of welding with CO2 is of great practical interest.

Experimental Section
Colloidal Crystal Preparation. Colloidal crystals were

prepared from an aqueous solution of sulfate stabilized
polystyrene (PS) microspheres (Seradyn, lot # 1575). These
particles were diluted in deionized water to ∼0.1 wt %. A 10
mm long by 8 mm wide glass microscope slide, cut to fit inside
of a high-pressure cell described below, was cleaned with
ethanol and deionized water. It was suspended vertically in
the aqueous PS dispersion. The dispersion was placed inside
a convection oven at ∼40 °C overnight, which allowed for a
controlled rate of evaporation to produce higher quality
crystals. The evaporation creates convective flow that forces
the PS microspheres into the meniscus at the glass-water
interface where they self-assemble on the glass slide into a
close packed FCC structure (about 10-20 layers of spheres).
The resulting crystals exhibit a PBG between 455 and 460 nm
for different samples. According to eq 3 with a PBG at 457
nm, the calculated particle size was 195 nm. The particle size
was also measured independently with both SEM images and
dynamic light scattering, which gave particle sizes of 195 and
200 nm, respectively. The agreement validates the photonic
band gap measurements.

UV-Vis Measurements. Photonic crystals were held
vertically in the center of a high-pressure cell using a custom-
made mount. The cell had two cylindrical sapphire windows
(diameter ) 2.54 cm and thickness ) 0.95 cm) and a 0.9 cm
optical path length. The cell was then placed in a Cary 3E
UV-vis spectrophotometer and heated with heating tape. The
temperature was monitored with a thermocouple inserted into
a hole drilled in the side of the high-pressure cell. It was
controlled to within (0.2 °C. The cell was then pressurized
with carbon dioxide (between 63.5 and 347 bar), using an ISCO
260 D syringe pump. Scans were taken at regular time
intervals, as short as every 15 sec, and the change in the
photonic band gap was monitored as a function of time at
various conditions. Since each scan took a significant amount
of time, typically 25 s, each time is reported as the time at
the start of the scan. The scan time was reduced to about 10
s for the conditions where welding was the fastest, on the order
of about 10 s.

Results and Discussion

Figure 1a shows an SEM image of a typical PS
photonic crystal composed of 195 nm microspheres prior
to exposure to CO2. It can be seen that the particles self-
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assemble into close packed lattices43 with long-range
order at the meniscus as the water evaporates. In Figure
1b-f the exposure time varies from 6 to 3600 min. In
this series of images, the lattice spacing decreases as
the PS welds together to form a nearly uniform film.
Although it is difficult to see the welding in the direction
normal to the substrate in this particular cleft in the
SEM, it is present as will be apparent in the photonic
band gap data below. At early times, 6 and 15 min, the
microspheres are still almost spherical, as the PS
spheres have only begun to weld together. Small necks
have begun to form between adjacent particles. The
welding begins where the two spheres are in contact.
As time passes, the welds grow tangentially from this
point of contact in all directions until they encompass
the entire surface of the microspheres. They essentially
“zip” together from each point of contact in 3 dimensions
until a film is formed. For the particles, with the
exception of the top layer, each sphere interacts with
its 12 nearest neighbors. However, at the surface each
sphere has only nine nearest-neighbor particles, and
only the interactions between the six particles in the
〈111〉 plane are visible and appear as two-dimensional
“hexagons” in the SEM images. The volume occupied
by the welded particles, after depressurization to remove
CO2, should be similar to that of each sphere initially
in the lattice. Since the CO2 did not nucleate voids in
the polymer, the polymer density after depressurization
is the same as before the introduction of CO2; thus, the
volume of the polymer should be unchanged. The
volume of the resulting structure can be approximated
by a volume-filling model where the particles rearrange
into pentagonal dodecahedra. This geometry is not
completely void filling, but it has a void volume of only
3% and can approximate the change in lattice spacing
seen in the SEM images. From the initial sphere size
and assuming constant density the side-to-side length
across the dodecahedron was calculated to be 177 nm.
This agrees, within experimental error, with the end-
to-end lengths found from the SEM micrographs of 174
nm after 120 min (where the lattice spacing no longer
decreases).

The welding decreases the periodicity in the refractive
index of the crystal, influencing both the peak height
and the wavelength maximum. As shown in Figure 2,
the photonic band gap shifts to the red (higher wave-
lengths) when the cell is first pressurized with CO2 (at
time t ) 0). This shift is caused by two factors: the

swelling of the polystyrene spheres by CO2 and an
increase in the continuous phase refractive index. The
larger diameter of the swollen particles produces a red
shift according to eq 3. In addition, the larger refractive
index of CO2 vs air increases the interstitial refractive
index, which also causes a red shift. However, the
decrease in the refractive index of the polystyrene when
it is swollen with CO2 limits the degree of the red shift.
The refractive index of the CO2-polymer mixture can
be estimated from mixing rules for a binary liquid
mixture.45

Figure 2 also shows that the peak shifts to the red
upon first exposure and then begins to shift to the blue
soon after exposure. This trend was consistent for all
the scans performed. If the shift were dominated by
swelling alone, it would continue to shift toward the red.
The diffusion of CO2 into the polymer spheres may be
expected to take very little time according to the
approximate equation x ≈ (DABt)1/2 for the diffusion of
CO2 into PS. The highest expected value for the CO2-
PS diffusivity, DAB, was used (3.9 × 10-8 cm2/s for
amorphous atactic PS)45 to solve for the time where the
distance, x, was assumed to be 100 nm, approximately

Figure 1. SEM micrographs of PS photonic crystals. (a) Unmodified crystal of PS self-assembled into an fcc lattice. (b-f) Various
stages of the welding in CO2 at 32 °C and 256 bar by varying the exposure time: (b) 6, (c) 15, (d) 70, (e) 120, and (f) 3600 min.

Figure 2. Photonic band gap of the colloidal crystals in air
and under CO2 at 35 °C and 89.6 bar at different times from
0 to 90 min. The times are shown in order for 0, 6, 15, 21, 30,
60, and 90 min. The PBG undergoes a blue shift as the lattice
spacing decreases. The size of the PBG decreases as the
periodicity of the refractive index disappears.
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the particle radius. The calculated time was 0.0026 s,
which justifies the assumption that the particles were
swollen completely with CO2 upon pressurization before
the scans began. Even if DAB were 1000 times slower,
the swelling would still be small relative to the scan
time.

Qualitatively similar blue shifts have been observed
during sintering of colloidal crystals of SiO2. In these
crystals the blue shift was caused by the viscous flow
of the SiO2 into the vacancies as the crystal was heated
above its glass transition point.46 Similarly, in our case
the blue shift is the result of PS beads welding together
and filling in the vacant space in the crystal lattice,
reducing the size of the unit cell as is shown in Figure
1. This change in the Bragg diffraction peak is a
measure of the reduction in the lattice spacing in the
direction normal to the substrate.

In Figure 3, the lattice spacings from multiple samples
cut out from the same photonic crystal were calculated
from SEM images like those in Figure 1. The data point
at t ) 0 is prior to exposure to CO2. Figure 3 also shows
the change in peak position of the PBG vs time. The
decreasing wavelengths mirror the decreasing lattice
spacing, as would be expected from the equation for
Bragg diffraction (eq 3) showing that the welds grow at
the same rate in all directions.

The rate at which the PBG decayed was evaluated
by monitoring the change in peak height, H (height of
the absorbance peak minus the baseline), as a function
of time at the various conditions. Figure 4 shows a
typical plot of peak height vs time. To compare the
various conditions, an exponential decay was fit to the
points to determine a relaxation time τ as shown.

Here H0 is the initial peak height of the band gap and
n is an exponent to account for the shape of the decay.

The interfacial free energy, γA, is a driving force for
welding of the mobile polymer chains in the spheres.
The interfacial tension, γ, creates a stress on the large
interfacial area, A, that is present in an array of spheres.
The interfacial area decreases upon welding and decays
to zero as a uniform film is formed. The simple model
of Mackenzie and Shuttleworth has been shown to be
successful for the description of dry sintering of methyl

methacrylate and 2-ethylhexyl acrylate copolymer la-
texes.42,47 It may be applied to interpret our data in CO2.
The kinetics of the removal of voids is approximated by
a relationship for viscous flow driven by the interfacial
energy at the polymer surface

where dr/dt is the rate of change in the void space,
approximated by spheres with a radius r, γ is the
interfacial tension, η is the viscosity of the polymer
dispersed phase, and F(r) is the dimensionless density
(film density divided by the density of a uniform thin
film).42,47 (F(r) equals 0.74 for a close packed array of
spheres and 1 for a uniform film.)

From the spectral data (see Figure 4), relaxation
times were found at various temperatures and pres-
sures. In cases where γ is essentially constant with a
change in the CO2 pressure or temperature, in eq 5, the
relaxation time is proportional to the viscosity of the
polymer:

where η is the viscosity of the polymer and E is an
activation energy.48 This relationship provides a cor-
relation between the rate of decay in the PBG and the
PS mobility, 1/η, under various CO2 conditions.

The results of these relaxation times regressed from
eq 4 can be seen in Figures 5 and 6 where the relaxation
time is plotted vs pressure and density at three different
temperatures (32, 35, and 40 °C). Values of dr/dt were
calculated from the rate of change in the location of the
photonic band gap (Figure 7A), and γ values were
approximated49 (Figure 7B, see Appendix). Given dr/dt
and γ, the viscosities of the CO2 swollen polymer were
calculated with eq 5. The results are shown in Figure
7B where mobility, 1/η, is plotted versus density at
constant temperature of 35 °C. Figure 7A shows a
correspondence between the relaxation times and the
rate of change in peak location, implying that both
values are related to the change in lattice spacing in
the photonic crystal.

From Figures 5 and 6 three pressure (or density)
ranges of interest are observable: a high-pressure
region, a compressible region at intermediate densities,

Figure 3. (b) Lattice spacing of the photonic crystal vs time
under CO2 at 32 °C and 256 bar calculated from SEM images
similar to those in Figure 1. (4) Peak location of the PBG found
from UV-vis absorption spectra at the same condition.

H ) H0 exp(-(t/τ)n) (4)

Figure 4. A typical peak height decay as the PS welds
together at 32 °C and 187.9 bar.

dr
dt

) - γ
2η( 1

F(r)) (5)

τ ∼ η ∼ exp(E/kbT) (6)
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and a low-pressure region. These regions each have
unique behavior that will define them as discussed
below.

High-Pressure Region. A high-pressure plateau
region is observed in Figures 5 and 6 to the right of each
well for densities above 0.7 g/mL. Here the relaxation
time is nearly constant with large changes in pressure
or CO2 density. This behavior may be examined with
eq 5 after calculating γ. Figure 7B shows that γ,
calculated from Hamaker constants approximated using
Lifshitz theory,49 is nearly linear in density. From eq
5, the combination of a plateau in relaxation times seen
in Figures 5 and 6 and the decrease in interfacial
tension with density implies a modest increase polymer
mobility in this region, as shown for 1/η in Figure 7B.

The relaxation times were investigated for a variety
of temperatures at a constant CO2 density of 0.92 g/mL.
Despite the small pressure effect on the relaxation time
observed above, τ decreases 6 orders of magnitude with
an increase in temperature of only 20 °C, as shown in
Figure 8. The γ value for PS in air changes only slightly,

from 40.3 to 38.9 dyn/cm, in this temperature range.50

Similarly at constant CO2 density, the temperature
effect on the γ should also be negligible as predicted
from the Hamaker constant.49 The change in γ with

Figure 5. Relaxation time vs pressure: (b) 32, (0) 35, and
(2) 40 °C. The inset in the upper right focuses on the highly
compressible region.

Figure 6. Relaxation time vs density: (b) 32, (9) 35, and (2)
40 °C. In the inset the compressibility is plotted as dF/dP as a
function of CO2 density using the Peng-Robinson equation of
state. The largest peak corresponds to 32 °C, and the peaks
decrease at 35 and 40 °C.

Figure 7. (A) Rate of change in void space of the crystal dr/
dt (O) and the inverse of the relaxation time (9) plotted vs
density at 35 °C. These two plots are very similar, which is
expected from combining eqs 5 and 6. The viscosities were
calculated using dr/dt. (B) Mobility (b), 1/η, using dr/dt and
the interfacial tension (0) which is also shown. In these graphs
the values for γ were calculated as described in the Appendix.

Figure 8. Relaxation time vs 1/T at constant CO2 density
(0.92 g/mL). The discontinuity in the relaxation time vs
temperature curve is indicative of a glass transition at 27.5
°C.
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temperature is small relative to this enormous change
in relaxation times. Thus, eqs 5 and 6 predict that the
marked change in relaxation times are produced by the
large increase in molecular mobility, that is, a large
decrease in polymer viscosity with decreasing temper-
ature.

In Figure 8 two linear regions are observed in the
relaxation times, indicating a discontinuity in the
molecular mobility. It is reasonable to attribute this
change to a glass transition at 27.5 °C, a value similar
to that found for bulk PS films under the same condi-
tions in carbon dioxide.51 These results imply that at
high pressures the changes in relaxation time are a
result of decreased viscosity due to an increase in
thermal energy. In each region above and below the
glass transition the exponential decay with kbT indicates
a thermally activated Arrhenius relationship, as pre-
dicted in eq 6. It is of note that the Arrhenius behavior
in eq 6 does not describe polymer dynamics with
changing temperature as accurately as the Williams-
Landel-Ferry equation described below. However, for
small temperature changes the Arrhenius relationship
gives an accurate fit, as shown in Figure 8.

The activation energy in the less viscous rubbery
region was found to be 378 and 1582 kJ/mol in the
glassy region. The value for the activation energy in the
rubbery region is larger than that observed by Gupta
et al. at higher temperatures (62-85 °C) in CO2 where
an activation energy of 140 kJ/mol was found.24 It is
also larger than the activation energy of the melt at
atmospheric conditions for temperatures above 100 °C,
where Green et al. found the activation energy to be 254
kJ/mol for a molecular weight of 110 000 g/mol.52 The
differences between these two studies can be accounted
for by the dependence of the activation energy on the
presence of CO2, which lowers segmental friction and
increases the probability of critical void formation.24

The activation energy in this study is higher than the
values found in the other studies because full liquid
mobility is not present at the conditions studied. The
data presented in this study are very close to the Tg
value (27.5 °C), and in this range the polymer mobility
is limited, as discussed in further detail below, and
highly dependent on the temperature. The temperature
dependence (activation energy) is greater than at higher
temperatures, where a completely melted polymer phase
exists. This temperature dependence can be accounted
for by looking at a more accurate model of polymer
dynamics, the Williams-Landel-Ferry equation53

where C1 and C2 are constants with values of 12.5 and
50, respectively, for PS at 100 °C,53 and τ* is the
relaxation time at the reference temperature T*. Here
the value for τ* was the relaxation time at the glass
transition (780 min). Fitting this model to the constant
density data in the rubbery region gave values for C1
and C2 of 33.0 and 50.4, respectively. The T* value was
also found to be 301.9 K, which is essentially the same
as the value for Tg found experimentally, 301 K. The
value for C1 varies significantly from the atmospheric
value; however, the influence of CO2 on the dynamics,
as discussed above, could explain this discrepancy.

The final stage of welding in Figure 1f provides
further evidence of the low mobility. The film exhibits

residual surface structure and not a completely uniform
film, despite the long welding time of 3600 min. As the
chains overlap in the thin boundaries between particles,
the interfacial area becomes small, decreasing the
thermodynamic interfacial driving force for welding.
Here Brownian motion becomes the main driving force
for polymer mobility.

Low-Pressure Region. The low-pressure region is
the area of Figure 5 where the relaxation times are
longer than those found at the high-pressure plateau
and go toward infinity with decreasing CO2 pressure.
This increase in relaxation time is expected as the
amount of CO2 sorption decreases markedly with de-
creasing pressure, and the polymer becomes very rigid
as the Pg is approached.31 However, the polymer micro-
spheres still weld together very slowly at pressures
slightly below the CO2-induced bulk Pg found experi-
mentally by Condo et al.51 The 200 nm latex particles
may be expected to exhibit thin film rather than bulk
behavior. In the low-density region, the effects of surface
mobility on the glass transition have been observed for
polymer thin films exposed to CO2.26,27 The glass transi-
tion pressure of PMMA26and PS27 thin films exposed to
CO2 decreases markedly as the film thickness is de-
creased from 100 to 15 nm. The high concentration of
CO2 at the surface provides more configurational mobil-
ity to the chain segments near the free surface at all
pressures.

In addition, at ambient pressure, this mobile surface
layer exists at temperatures near the Tg for PS films in
air.54 Another study has shown that PS films at tem-
peratures 30 °C below the Tg still exhibit this mobility.55

Results have shown that this phenomenon is indepen-
dent of molecular weight, implying the mobility was
driven by elastic relaxation of chain segments at the
interface and not viscous flow of entire polymer chains.55

The influence of the increased segmental motion of
polymer chains due to surface mobility becomes more
important as the film thickness decreases do to a loss
of chain confinement relative to the bulk polymer.28,56

Thus, a correlation has been found between the change
in Tg and the free surface to volume ratio of the films.57

Furthermore, the Tg is known to change as a function
of depth from the free surface to the substrate based
on fluorescent tags.28

The welding of the small spheres at conditions in the
vicinity of the Pg may be expected to be facilitated by
the existence of a mobile surface layer of the PS.
Suppose that a mobile surface layer facilitates welding
of the photonic crystals swollen by CO2. A surface layer
of ∼9 nm would have to be mobile for 195 mm spheres
to contract to 177 nm dodecahedra to remove the volume
initially occupied by CO2. This distance is comparable
to the radius of gyration of the polymer. Mobile layers
in air of this magnitude have been seen previously.

A driving force for welding in this region is the
interfacial tension between the PS and the surround-
ings.58 Figure 7B shows that interfacial tension of PS
and CO2 is significantly higher at low densities, below
the critical density of CO2 than in the high-density
region. However, as CO2 density is decreased, the effect
of increasing γ is not able to overcome the loss of
mobility due to decreased swelling and CO2 sorption.59

The loss of free volume in the polymer as a result of
reduced sorption results in the increased viscosities seen
in Figure 7B.17 The shape of the curve of mobility vs
density is similar to the shape of both the dr/dt and the

log ( τ
τ*) )

-C1(T - T*)

C2 + (T - T*)
(7)
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1/τ curves. The viscosities in this range were found from
eq 6 to approach the viscosity of a glass (7.6 × 1013 P at
63.5 bar and 35 °C). A study of polymer welding at
ambient pressure55 found that flow is not caused by
viscous flow of polymer chains in CO2 but rather
segmental motion of chain molecules at the surface of
the polymer. This mechanism may be present in our
study due to the large calculated viscosities in Figure
7B. Furthermore, the chains are not soluble in CO2.

The decay of the photonic band gap also indicates
differences in the mechanisms of welding in the high-
and low-pressure regions. Figure 9 shows peak height
vs time curves for two different state points with similar
relaxation times. One condition was 35 °C and 275.7
bar (high-pressure region) while the other condition was
at 32 °C and 72.4 bar (low-pressure region). The two
curves have very different shapes, perhaps indicative
of a change in the mechanism of polymer diffusion.
Exponential decay was typically observed in our experi-
ments in the high-pressure and compressible regions,
as expected for classical particle diffusion from a ring
source.60 In the low-pressure region where PS spheres
are quite rigid the typical decay was linear. The lack of
bulk mobility may be the cause of the linear decay that
deviates from the exponential decay that is seen for high
pressures.

Highly Compressible Region. In this region be-
tween the high- and low-pressure regions, the compress-
ibility of CO2 is unusually large as shown in the inset
of Figure 6. Here τ decreases reaches a minimum at
about 0.45 g/mL and then increases. It is remarkable
that τ decreased by over an order of magnitude beneath
the plateau values in the high-pressure region of

Figures 5 and 6. This unusual increase in the rate of
welding was observed both in-situ in the PBG and with
SEM micrographs of the films after depressurization.
As the density is decreased from the high-pressure
region to the highly compressible region, η-1 changes
by an order of magnitude whereas γ only increases by
a factor of about 2, as shown in Figure 7B (see also
Figure 10b). Thus, this increase in welding rate is due
primarily to an increase in polymer mobility and
Brownian motion and only secondarily to the increase
in γ. Even the removal of the residual surface features
during the final stages of welding is rapid despite the
low interfacial surface area and consequently the small
free energy driving force, as shown in Figure 10.

Substrate-polymer interactions influence the Tg.
Free-standing PS films have been shown to exhibit the
same glass transition as films on a substrate with one-
half the thickness.57 In this study, only the bottom layer
of the crystal is in contact with the substrate, and the
other spheres are free-standing. Thus, the unusual
behavior may not be attributed to a polymer substrate
effect, consistent with the ellipsometric observations of
Sirard et al.31 for swelling of thin films.

Sirard et al.31 proposed that these excess layers are
also present on the surface of soft PMMA thin films and
produce the anomalous peak in swelling in the highly
compressible region. The thickness of the excess region
due to density fluctuations is unknown for soft surfaces
like polymers, but it may possibly penetrate several
nanometers to tens of nanometers into thin films. For
very thin films, the excess region may possibly penetrate
through the entire film. This excess swelling would act
to increase the free volume of the polymer chains as well
as their overall mobility.17

The magnitude of the surface excess of CO2 could
influence polymer dynamics given its influence on the
glass transition of a thin film. The surface excess of CO2
on a hard impenetrable surface becomes extremely large
in the critical region of pure CO2 where the compress-
ibility is large.30,61 The mass of the excess layer follows
the same trends as the size of the density fluctuations
that are related to the isothermal compressibility.61 The
shape of the excess CO2 vs pressure plot for hard
surfaces is similar to that of the isothermal compress-
ibility, dF/dP, shown in the inset of Figure 6. The shapes
of the anomalous peaks seen in Figures 5 and 6 are
similar to that of the isothermal compressibility, imply-
ing that the excess CO2 in the interfacial region may
possibly play a significant role in the anomalous in-
crease in the rate of welding. The welding starts at the
points of contact and moving tangentially along the
spheres to zip them together to form a continuous film.
The gap is very thin, and the high excess CO2 concen-
tration in the chains near the surface may add surface
mobility to raise the rate of welding.

Figure 9. Comparison of shapes of the relaxation curves. The
72.4 bar curve shows a linear decay in the PBG with time in
the low-pressure region while the 275.7 bar curve in the high-
pressure region shows an exponential decay. Both curves have
similar relaxation times 17 min at 35 °C and 21 min at 32 °C.

Figure 10. Welding in the high-pressure and highly compressible intermediate pressure regions. (a) Typical untreated PS photonic
crystal image. (b) Welding of a photonic crystal in the high-pressure region at 32 °C and 256 bar for 3600 min. (c) Rapid welding
in only 10 min at 32 °C and 71 bar in the highly compressible region.
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Koga et al. used neutron reflectivity to study the
interdiffusion of polymer between two thin films exposed
to CO2. The diffusion coefficient DAB increased by 1
order of magnitude as the pressure was reduced from
70 to 13 MPa in the high-pressure incompressible
region. As the pressure was further decreased to ap-
proximately 9 MPa, DAB increased rapidly another order
of magnitude in the highly compressible region. This
increase in the highly compressible region was at-
tributed to plasticization by CO2 related to the anoma-
lous swelling, as has been seen in our study. However,
in the high-pressure incompressible region above 13
MPa, the compressibility was small, and thus it was
unlikely that their nearly linear increase in DAB was
driven primarily by density fluctuations. Over this
pressure range the swelling was relatively constant,
again suggesting that density fluctuations were not
important. In view of their large change in DAB in the
incompressible region, as well as our change in Figure
8 of 6 orders of magnitude as a function of temperature,
it is apparent that other factors besides anomalous
swelling, namely thermal energy and, to a smaller
extent, interfacial tension, influence polymer dynamics.

Conclusions

The effect of CO2 on the welding kinetics for a free-
standing PS colloidal crystal was determined by in-situ
measurement of Bragg diffraction and by ex-situ SEM
microscopy. At high pressures where CO2 is relatively
incompressible, the relaxation time for welding in-
creased by 6 orders of magnitude with an increase in
thermal energy, and a glass transition temperature was
observed. At constant temperature, an anomalous in-
crease in the welding rate by 1-2 orders of magnitude
with a decrease in pressure was observed in the region
where CO2 is highly compressible. This increase in
welding dynamics is likely due to excess CO2 in the
interfacial region that increases polymer mobility and
only secondarily to an increase in interfacial tension.
This excess CO2 in the highly compressible region has
been observed in an anomalous swelling peak31 and
contributes to an anomalous increase in the diffusion
of polymer between two thin films.34 Not only is welding
of colloidal crystals an efficient method for studying
polymer diffusion at CO2 interfaces, but CO2 plasticiza-
tion is of interest for welding and impregnation of
colloidal crystals of interest in photonics applications.
Furthermore, the ability to tune the degree of welding
by controlling the pressure and temperature of CO2
affords great control of the final morphology of the
stabilized colloidal crystals, and no residual solvent is
left in the product.
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Appendix

To calculate the viscosities of the polymer using eq 5,
values for the interfacial tension were needed. These
values were approximated using a simplification of

Lifshitz theory to approximate a Hamaker constant, Ayy,
for a pure substance such that62

where ve is the maximum electronic ultraviolet adsorp-
tion frequency, typically in the range (3-5) × 1015 s-1,62

and is often assumed to be 3 × 1015 s-1.63 The values
for the refractive index and dielectric of carbon dioxide
were taken from the literature,64 and for pure PS the
values of the refractive index and the dielectric constant
were 1.59 and 2.55,62 respectively. However, in CO2 the
polymer becomes swollen with CO2, and a simple
volume fraction mixing rule was used to approximate
these properties. The amount of swelling of PS with CO2
was approximated from the values of Chang et al. The
Hamaker constant for PS interacting with PS across
CO2 was approximated from the following relationship:
62

where A11 and A22 are the Hamaker constants for
polystyrene and CO2, respectively. From this calculated
Hamaker constant a value for the interfacial tension can
be calculated:62

D0 is the interfacial contact separation, which is ap-
proximated as 0.165 nm.62

To solve for the viscosity using eq 5, dr/dt must first
be determined. This was done by differentiating the
equation for Bragg diffraction, eq 3, with time. In doing
so, the average refractive index was assumed constant,
and the particle radius was the only variable that
changed with time. The actual change in the magnitude
of n was small. The change in n between an initial array
of PS spheres in air and a uniform film of is only ∼0.15;
thus, its influence on dr/dt is negligible. From eqs 1 and
2

dλ/dt was approximated, for the initial welding of the
crystal, by fitting a line to the first few peak location vs
time values at each state point. From this dR/dt was
approximated. However, eq 5 is expressed in terms of
the void radius, which was found by inscribing a sphere
into the vacant space between the crystals in the fcc
lattice. The geometric relationship between the radius
of the inscribed sphere and particle radius is given by

Using this result in eq A4 and solving for dr/dt gives

It was assumed that the initial rate of void closure was
constant (dλ/dt is constant), and for the initial welding,

Ayy ) 3
4
kBT(εy - εvacuum

εy + εvacuum
)2

+
3hve

16x2

(ny
2 - nvacuum

2)2

(ny
2 + nvacuum

2)3/2

(A1)

A121 ) (xA11 - xA22)
2 (A2)

γ )
A121

24πD0
2

(A3)

dλ
dt

) dR
dt

4x2
x3

navg (A4)

r ) R(sec(30°) - 1) (A5)

dr
dt

) dλ
dt

4x3
x2(sec(30°) - 1)navg
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F(r) was assumed to be 0.74. Given eq A6, eq 5 was
solved for the mobilities shown in Figure 7B. It is also
of note that relaxation times could also be used to solve
for viscosities by correlating the relaxation times with
the rate of change in void space by combining eqs 5 and
6. Figure 7A shows good correlation between the values
of τ and dr/dt.
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